The comparative analysis of two Phytolacca americana DOPA dioxygenases (PaDOD1 and PaDOD2) that may be involved in betalain biosynthesis was carried out. The recombinant protein of PaDOD1 catalyzed the conversion of DOPA to betalamic acid, whereas DOD activity was not detected in PaDOD2 in vitro. The role of DOD genes is discussed in the evolutionary context using phylogenetic analysis, suggesting that DOD might have been duplicated early in evolution and that accumulation of base substitutions could have led to the different characteristics of DODs within the betalain-producing Caryophyllales.
Betacyanins and anthocyanins, the two main red plant pigments in higher plants, are water-soluble, stored in vacuoles, and serve important functions in plant reproduction through recruiting pollinators and seed dispersers [1] . Although anthocyanins are broadly distributed among higher plants as flower and fruit color, betacyanins have replaced anthocyanins in the Caryophyllales, with the exception of the families Caryophyllaceae and Molluginaceae [2] . The anthocyanin biosynthetic pathway is one of the best studied examples of secondary metabolism in higher plants, but the biochemistry and genetics of the betalain biosynthetic pathway remain relatively uncharacterized [3] [4] [5] . Extensive studies of the biosynthetic reactions of betalains led to the discovery of several enzymes that function in early betalain biosynthesis, including polyphenol oxidase-type tyrosinase [6.7] and extradiol DOPA dioxygenase (DOD) [8, 9] . Tyrosinase is a copper-type bifunctional enzyme that catalyzes the hydroxylation of tyrosine to DOPA and the subsequent oxidation reaction that converts DOPA to o-quinone. The cyclization of o-quinone to cyclo-DOPA is assumed to be spontaneous [2] . However, a recent study suggested that separate enzymes are required to produce L-DOPA from tyrosine and to produce the cyclo-DOPA moiety. CYP76AD1 encoding a novel cytochrome P450 is involved in cyclo-DOPA moiety production in betacyanin biosynthesis in beets [10] . Tyrosine hydroxylation activity, which converts tyrosine to DOPA, is separated from the oxidation of DOPA to DOPA o-quinone in Portulaca grandiflora [11] , but the corresponding gene is as yet unknown.
The extradiolic 4,5-cleavage of DOPA is required for the formation of betalamic acid ( Figure 1 ) and is catalyzed by extradiol DOPA 4,5-dioxygenase (DOD). Two homologous DOD genes have been identified in Phytolacca americana (PaDOD1 and PaDOD2) [12] . These genes showed approximately 70% homology with P. grandiflora DOD in which its function in betalain biosynthesis was demonstrated [8] , suggesting that PaDOD1 and PaDOD2 might be involved in betalain biosynthesis in P. americana. To assess the contribution of PaDOD1 and PaDOD2 to betalain biosynthesis, we performed comparative analysis of these DODs.
The expression profiles of PaDOD1 and PaDOD2 in plants were monitored by semi-quantitative reverse transcription-PCR (RT-PCR) using RNA extracted from various organs of P. americana (Figure 2 ). A comparatively high level of PaDOD1 transcripts was observed in red stems, red leaves, and colored fruit skins, while PaDOD2 was strongly expressed in red leaves and red fruit skins ( Figure 2C ). Although high levels of expression were observed for PaDOD1 and PaDOD2 in the colored organs, these genes were also detected in green cells of P. americana plants. This result is consistent with the previous finding that the PaDOD1 and PaDOD2 transcripts were found not only in the betacyanin-containing red cell cultures but also in those of white cells when suspension cultures were examined. [12] .
These results showed that the expression of PaDODs does not correlate with betacyanin accumulation in P. americana. Betanidin, the aglycone of red betacyanin, is formed by the spontaneous To assess whether PaDOD1 and PaDOD2 proteins possess DOPA 4,5-dioxygenase activity, the recombinant proteins were prepared. The proteins purified by the affinity column were used in the assay. In this enzyme reaction, the active DOPA 4,5-dioxygenase should catalyze the cleavage of DOPA to 4,5-seco DOPA, resulting in the formation of the yellow betalamic acid by subsequent cyclization of 4,5-seco DOPA (Figure 1 ). The color of the reaction mixture turned yellow in the presence of PaDOD1, while the color did not change in the presence of PaDOD2. HPLC analysis showed that betalamic acid was produced in the reaction mixture containing PaDOD1, whereas no betalamic acid was detected in the PaDOD2 assay mixture (Supplementary Figure S1 ). These results indicate that PaDOD1 catalyzes the conversion from DOPA to betalamic acid in vitro, but the recombinant PaDOD2 lacks DOPA dioxygenase activity. The optimum pH of PaDOD1 was pH 7.0 in 100 mM HEPES. The data showing the effects of the various metal ions and their chelators on the enzyme activity are provided in Supplementary Table S1 . Among the metal ions examined Mg 2+ had no effect on the enzyme activity, while other metal ions exerted various degrees of inhibitory effect. However, simultaneously the enzyme activity fell to less than half in the presence of the chelator EDTA. Reagents for reducing disulfide bonds of protein, dithiothreitol and 2-mercaptethanol had little effect on the enzyme activity.
The phylogenetic analysis reported by Christinet et al. [8] suggests that DODs of betalain-producing plants are distinct from those that are non-betalain-producing [8] . The deduced amino acid structures of DODs from betalain-producing plants are highly homologous. These results suggest that DODs in the betalain-producing Caryophyllales are derived from a common ancestor. PaDOD1 and PaDOD2 also belong to a cluster of betalain-producing species (Figure 3 ), which suggests that PaDODs might be involved in betalain biosynthesis in P. americana. The recombinant protein of PaDOD1 catalyzed the conversion of DOPA to betalamic acid, suggesting that PaDOD1 might be involved in betalamic acid biosynthesis. In contrast, DOD activity of PaDOD2 was not detected in vitro, while the PaDOD2 expression showed a close correlation with the red color of plant organs (RL and F3 in Figure 2C ). Two DODs possessing different biochemical properties were found in P. americana. In contrast to PaDOD1, the absence of DOD activity in PaDOD2 in vitro might be due to incomplete three-dimensional structures for DOPA dioxygenase activity. Another possibility is that PaDOD2 might have different functions and substrate specificities compared with PaDOD1 in P. americana. The phylogenetic tree in Figure 3 indicates that some DODs from the same species in the Caryophyllales are distinct from each other, e.g., P. americana DODs and Mesembryanthemum crystallinum DODs. This suggests that DOD in the Caryophyllales was duplicated early in evolution and that the accumulation of base substitutions could have led to the different regulatory systems or novel functional roles within betalain-producing plants.
Experimental

Preparation of RNA:
For the RNA analysis, wild-grown plants of Phytolacca americana were collected from the Ochanomizu University campus area. Total RNA was extracted from 2 g of frozen tissue with extraction buffer (0.1 M Tris-HCl pH 9.0, 0.1 M NaCl, 10 mM EDTA, 0.5% SDS, 14 mM 2-mercaptoethanol), and was deproteinized by phenol-chloroform extraction. The RNA samples were precipitated with LiCl.
Single-stranded cDNA synthesis:
The single-stranded cDNA was synthesized from 2.5 μg of the total RNA by using the Prime Script reverse transcriptase (Takara) with 5 μM oligo-dT primer. The synthesized cDNA was used as the templates for the series of PCR reaction described below.
Reverse transcription-PCR (RT-PCR) of PaDODs:
The expression levels of PaDOD1 and PaDOD2 were estimated by semi-
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Natural Product Communications Vol. 10 (5) 2015 715 quantitative RT-PCR. Aliquots of total RNA from wild plants of P. americana were subjected to RT-PCR analysis. After PCR, 5 μL of PCR products were separated by 1% agarose gel electrophoresis. The primers used in PCRs are described in Supplementary Table  S2 .
DNA sequencing:
The nucleotide sequences were determined by using a BigDye Terminator v3.1 Cycle Sequencing Kit and ABI Prism 3100-Avant Genetic Analyzer (Applied Biosystems).
Heterologous expression in Escherichia coli and preparation of enzyme:
The primers used in PCRs are described in Supplementary  Table S2 . The EcoRI and SalI recognition sequences were created by PCR, which flanked the coding regions of DODs. The coding regions of PaDODs and Arabidopsis thaliana DOD (AtDOD) were amplified using the KOD plus DNA polymerase (Toyobo). The amplified fragment was ligated into EcoRI-SalI sites of pGEX-6P-1 vector (Promega) to fuse Glutathione S-transferase at the Nterminus of the protein product. The constructed vectors were introduced into E. coli BL21 strain, and the resulting transformants were cultured in Luria-Bertani medium containing ampicillin (50 mg L -1 ) for 2 h at 37°C. The expression of DOD proteins was induced by adding 0.5 mM isopropyl-β-D-thiogalactopyranoside for 16 to 20 h at 16°C. The following procedures of extraction and purification of recombinant proteins were carried out either at 4°C or on ice. Cells were collected by centrifugation at 5,000 g for 10 min, and then washed in phosphate buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 1.8 mM KH 2 PO 4 ), followed by additional centrifugation for 10 min (5,000 g). The cells were homogenized by sonication, and centrifuged for 10 min (10,000 g). The supernatant was incubated with Glutathione Sepharose 4B beads (GE Healthcare Bio-Sciences KK), and the Glutathione S-transferase-fusion protein was eluted in the buffer (33 mM reduced glutathione in 200 mM Tris-HCl, pH 8.0). The elute was loaded onto a desalting Sephadex column, PD-10 (GE Healthcare Bio-Sciences KK) equilibrated with 100 mM HEPES (pH 7.0). A final concentration of 1 mM dithiothreitol and Pefablock (Roche Diagnostics) was added to the protein elute. Protein concentration was measured by a Biorad protein assay kit.
Preparation of betalamic acid:
Betalamic acid standard was prepared from betanin. Betanin from the roots of red beet (Beta vulgaris) was extracted and purified according to von Elbe et al. [13] . Betanin was hydrolyzed gently using NH 3 deoxygenated with N 2 gas for 2 h at 25°C. Hydrolyzate was subjected to Amberlite XAD-16HP (Sigma-Aldrich) and washed with water (pH 2.0). Betalamic acid was eluted with 100% methanol, and the elute was adjusted to pH 9.0 by adding 3 M NH 4 OH. To detect betalamic acid, HPLC was carried out using a PEGASIL DOS column (4.6 mm × 150 mm, Senshu Scientific) at 40°C, using a flow of 1 mL min -1 . The solvents were 5%, v/v, formic acid (A) and acetonitrile (B). The HPLC profile was as follows; 0 to 5 min, 100% A; 5 to 30 min, 0 to 30% B in A (linear); 30 to 40 min, 30 to 60% B in A (linear). Betalamic acid was detected by monitoring the absorbance at 405 nm.
DOPA dioxygenase enzymatic activity assay:
The enzymatic reaction of PaDODs was initiated by adding 75 μL protein elute (0.3-0.8 mg mL -1 ) into an equal volume of assay solution containing 100 mM HEPES (pH 7.0), 2 mM DOPA and 2 mM ascorbic acid or sodium ascorbate. The mixture was incubated at 30°C for 15 min, and terminated by adding the equivalent volume of 100% methanol, and subsequently adjusted to pH 9.0 by adding NH 4 OH. As a negative control, the reaction was stopped at 0 min time point by adding methanol. After centrifugation for 30 min (12,000 g) at 4°C, the supernatant was recentrifuged for 15 min (12,000 g) at 4°C. The supernatant was used for both identification of the product by HPLC analysis and the determination of the enzyme specific activities. The specific activity of DOD was measured at A 424 , and the molar extinction coefficient of betalamic acid was used in this measurement ε 424 =25000 [14] . The negative control reaction was used to standardize the spectrophotometrical measurement.
Phylogenetic analysis:
Phylogenetic analyses were conducted in MEGA4 [15] using the Neighbor-Joining method [16] . The tree was built using the fragments of PaDOD1 homologs (from Gly-115 [GGA] to Val-233 [GTA]). The evolutionary distances were computed using the Kimura 2-parameter method [17] . The GenBank accession numbers for DOD homologs discussed in Supplementary data: HPLC analysis of PaDOD assay products, effect of metal chelators, metal ions and reducing reagents on activity of PaDOD1, and oligonucleotide primers used in PCR are also available.
